ABSTRACT. Chaetoceros muelleri is one of the most widely used microalgae species in aquaculture in northwestern Mexico as food for fish and crustaceans. Its importance is due to its fast growth, nutritional quality and lipid accumulation under nutrient-limiting conditions. However, the biochemical and molecular mechanisms of uptake of phosphorus (P) limiting conditions for this species is still unknown. This study aimed to analyze the growth and biochemical composition of C muelleri in response to different phosphorus concentrations. Four treatments under different phosphorus conditions were used: control (72 µM P), excess (144 µM P) and two treatments with phosphorus limitation, limited A (18 µM P) and limited B (7 µM P). The highest cell concentration was observed in control and excess of P (>3.4×10 6 cells mL -1
Microalgae are unicellular photosynthetic organisms found in different habitats and a wide range of environmental conditions. Among the most important groups of microalgae in terms of abundance are diatoms, and recently they are gaining interest by its multiple applications and several studies have reported the modification of their biochemical composition by different parameters (Bozarth et al., 2009) . In nature, diatoms frequently grow under nutrients limiting conditions and although nitrogen and iron have been reported as limiting nutrients; there is also evidence of phosphorus limitation (Girault et al., 2013) . Phosphorus (P) is an essential nutrient required for life and growth for all eukaryotic algae (Karl, 2014) that impacts in the primary production chain in oceans and estuarine environments (Paytan & MacLaughlin, 2007) . It is involved in different metabolic processes within cells (Karl, 2014) and in algae, the main reservoirs of phosphorus are nucleic acids and lipid membranes. Although the pool of P may be small, it is also a major component in nucleoside triphosphates like ATP and GTP, which are essential energy molecu-__________________ Corresponding editor: José Luis Iriarte les in the cells (Dyhrman, 2016) . Further, it is reported that the phosphorus concentrations are low in many marine environments (Dyhrman et al., 2012) ; and the high concentrations of P in wastewaters can cause eutrophication of rivers and lakes (Sforza et al., 2018) . In that sense, it is suggested that the diatoms could fall phosphorus in the form of polyphosphate to the sea floor producing P-rich apatite sediments (Díaz et al., 2008) . P deficiency can affect drastically cell metabolism; whereas the main cell membrane constituent is phospholipids; under P starvation is enhanced the formation and accumulation of neutral lipids such as triacylglycerides (Van Mooy et al., 2009; Dyhrman et al., 2016) .
The genus Chaetoceros belonging to the class Bacillariophyceae is one of the largest genera of marine planktonic diatoms, and it is widely distributed around the world, with approximately 400 described species (Spaulding & Edlund, 2008) . In this genus, Chaetoceros muelleri is one of the most used microalgae in aquaculture in northwestern Mexico as food for crustaceans and fish, especially in shrimp farms, becau-se of its high lipid content (Leonardos & Geider, 2004; López-Elías et al., 2005) . Moreover, several studies have been carried out on C. muelleri focusing on its biochemical composition and the effects of several factors (Leonardos & Geider, 2004; Wang et al., 2014) . However, the studies on the influence of nutrients (either in excess or deficient levels) in C. muelleri are scarce. Therefore, this study aims to analyze the growth and chemical composition of C. muelleri at different phosphorus concentrations (excess and deficient media).
The strain of C. muelleri used in this study was isolated in Bahía de Kino (Sonora, Mexico) and maintained in the algal stock collection of the Departamento de Investigaciones Científicas y Tecnológicas, Universidad de Sonora, México. Axenic batch cultures of C. muelleri (1 L Erlenmeyer glass flasks) were tested using F medium (Guillard & Ryther, 1962) , with modified phosphate concentrations. Four phosphorus treatments were used in this study, which includes control (phosphate: 72 M), excess (phosphate: 144 M) and two treatments with phosphorus limitation, which for practical purposes will be assigned as limited A (phosphate: 18 M) and limited B (phosphate: 7 M). Each treatment was performed by quadruplicate, and the concentrations of the other nutrients (nitrates, minerals, vitamins, and trace minerals) were kept constant, according to the F medium. The diatom was inoculated with 150,000 cells mL -1 in all treatments and maintained under the following conditions: temperature was maintained at 22 ± 1ºC with continuous light irradiance 220 μmol m -2 s -1 (Phillips F96T8/TL865, 60 W), salinity 30, without aeration. Cell density was determined by taking a daily sample of one aliquot from each treatment and fixed with Lugol's solution (1%). Quantification of the cell density was performed for nine days, using the direct counting technique with a hematocytometer of 0.1 mm depth in a microscope. The data of the cellular concentrations were transformed to log2 to obtain the growth rates (number of divisions per day). The formula used to calculate growth rate (μ) (BecerraDórame et al., 2010) was: µ = log2 Cn -log2 Cn-1 / (tn-tn-1), where μ was considered as the growth rate, Cn as microalgae density (cells mL -1 ) at day n. For biochemical analysis, samples were collected on day 4, which was the time that all treatments reached the late log phase. For biomass determination (dry weight), the cultures were homogenized, and culture samples were filtered through a previously dried and weighted 47 mm glass microfiber filter (GFF; Whatman). Afterwards, filtered cells were washed with ammonium formate (36 g L -1
) to remove salt precipitates and dried at 60°C for 8 h to achieve a constant weight in a convection stove. Further, samples were burned in a muffle-furnace at 480°C for 12 h and weighted in an analytical balance (Ohaus Explorer Analytical Balance Ohaus E011403) to obtain the inorganic content (ashes). The difference between biomass and ashes determined the organic matter.
For Chl-a determination, 50 mL of homogenized algal cells were harvested and centrifuged at 2,000 g for 5 min. Photosynthetic pigments were extracted from the cell pellet using 90% acetone, followed by sonication (Sonic 1510 R-DTH Branson Ultrasonics Corporation, CT, USA) for 5 min. Subsequently, the extracts were stored in darkness for 24 h at 4°C. The Chl-a content was determined spectrophotometrically and following the equation of Jeffrey & Humphrey (1975) .
For total lipid and protein content determination, culture samples were filtered through 25 mm diameter GFF filters (Whatman) and filtered cells were washed with ammonium formate (36 g L -1
). The filters were stored at -20°C before further chemical analysis. Total lipid content was determined colorimetrically according to Pande et al. (1963) . After being extracted, the method of Bligh & Dyer (1959) modified by López-Elías et al. (1993) was used. Total protein content was determined colorimetrically according to the method of Lowry et al. (1951) modified by Malara & Charra (1972) and following the recommendation for its extraction by Clayton et al. (1988) and López-Elías (1993) . Quantification of total lipid and protein content were performed with a spectrophotometer (Cary 100 BIO UV-Visible Spectrophotometer).
Cell concentration, biomass, and biochemical composition data were analyzed with descriptive statistics (average and standard deviation) and to determine differences among treatments, an analysis of one-way ANOVA and a Tukey test was performed with significance level of α = 0.05 using the statistical package Statgraphics Centurion XV (Statpoint Inc., USA) for Windows. The data presented were performed using four biological replicates, and each biological replicate came from three technical replicates for each treatment of P concentration in all determinations for each parameter (dry biomass, organic matter, Chl-a, lipids, and proteins).
In cultures with lower P concentrations, growth and cell densities were significantly lower, observing cell densities of 21.81 ± 0.22 log2 (3.52×10 6 cells mL pectively with no significant differences between treatments (P < 0.05) (Fig. 1) . The maximum growth rate was achieved at 144 µM P (1.51 ± 0.21) and the lowest rate at 7 µM P (1.11 ± 0.32); the accumulated and mean growth rates increased as the P concentration increased, although no significant differences were found among treatments (Table 1) . The highest production of dry biomass was found in the culture medium with 72 µM P concentration (311.42 ± 12.3 mg L -1 ); no significant differences were found in treatments with P concentrations of 18 µM (250.26 ± 11.2 mg L -1 ) and 144 µM (248.07 ± 11.7 mg L -1 ). The lowest production of dry biomass was registered at phosphorus concentration of 7 µM (199.92 ± 2.7 mg L -1 ). The highest Chl-a content was observed in culture medium with P concentration of 72 µM (0.5064 ± 0.11 µg mL -1 ) followed by the treatments of 144, 18 and 7 µM; significant differences were found among all the treatments (P < 0.05) ( Table 2) .
We did find differences between 7 and 18 µM P concentration treatments; however, the rest of the treatments did not show significant differences (P < 0.05) ( Table 2 ). The highest lipid content was observed in the culture medium with the lowest concentration of P (7 µM), followed by a P concentration of 18 µM with significant differences between treatments (P < 0.05). Cultures with a higher concentration of P (72 and 144 µM) had lower lipid content than the limited P cultures with no significant differences between them (Table 2) .
In the present study, we found the highest cellular concentration in medium with an excess of P (144 µM) at the end of the culture. Mean rate and accumulated rate were lower in P limitation (7 µM), due to the slow culture growth. Phosphorus is an essential component for the conversion of solar energy into biochemical energy and necessary for the normal growth, development, and synthesis of biochemical compounds such as nucleic acids and lipid membranes in eukaryotic algae, and there is evidence that phosphorus is the main limiting nutrient in many natural environments instead of nitrogen (Dyhrman, 2016) . Immediate effects to phosphorus limitation include a reduction in the synthesis and regeneration of substrates in the Calvin-Benson cycle and consequently, a reduction in the use of light energy for carbon fixation, resulting in low biomass production and low growth rates (Belotti et al., 2013; Dyhrman, 2016) . In this study, we observed low biomass production at the lowest P concentration (7 µM).
Regarding the biochemical composition, samples were taken at the late logarithmic phase, because it has been reported that in this phase, the maximum production of lipids is generated (Belotti et al., 2013) . Further, it has been suggested that in microalgae species with moderate amounts of lipids could be possible to improve these amounts by modifying the culture conditions and nutrient availability. In that sense, it is well documented that under deficient nutrient conditions, neutral lipids synthesis is favored and can be used as an alternative source of biofuels; therefore, it is necessary to find the most suitable species and define the culture conditions that could help to achieve this purpose (Vuppaladadiyam et al., 2018; Zulu et al., 2018) .
The highest Chl-a content was found in culture with the optimal concentration of P (72 µM); treatments with P deficiency showed a lower amount of Chl-a. The low content of Chl-a cannot be attributed directly to P deficiency since its molecule does not contain it. However, Roopnarain et al. (2014) suggested that this decrease occurs because of the inability of the cells to produce ATP and NADPH, which are important molecules involved in its synthesis, affecting all the metabolism and as a strategy of the cell in giving priority to the synthesis of storage compounds. On the other hand, it has been reported that also at higher nutrient concentrations, Chl-a content tends to decrease (Fabregas et al., 1985) . In the present study, we also observed this behavior in the treatment of 144 µM P concentration.
The highest total lipid content was observed in culture with the lowest concentration of P (7 µM), and it was observed that the total lipid content decreased as the P concentration increased. It has been widely documented in several species of microalgae that under phosphate deficiency, accumulation of neutral lipids is a common response and it has been observed that phospholipid levels in cells are reduced and being repla- Lin et al. (2018) evaluated N, Si and P deprivation in C. muelleri, reporting under P deprivation a total lipid content of 26.74 ± 1.00% DW which was higher compared to the control treatment (f/2 media without nutrient deprivation), in which it was reported a total lipid content of 22.23 ± 1.44% DW; this response is similar to what was observed in the present study. Although the values reported by Lin et al. (2018) are higher than those reported in this study, it is worth to mention that the laboratory's conditions vary among them, as well as the experimental design, the culture media, and the strains; these factors could influence in the final results. On the other hand, although the protein content was higher in culture with the lowest concentration of P (7 µM), no significant differences were found among treatments, but we did find differences between the treatments of P starvation (7 and 18 µM). Berdalet et al. (1994) studied the effects of nitrogen and phosphorus starvation on nucleic acids and protein content in Heterocapsa sp. They reported that under P starvation the synthesis of proteins would continue if nitrogen remains available at least in an initial period (Berdalet et al., 1994) . Liang et al. (2013) found that Chlorella sp. showed no apparent change in protein content under P limitation. They concluded that the limitation by nitrogen would cause a decrease in the protein content instead of P, and the differential response to nutrients limitation will vary depending on algae species and this statement agrees with several studies (Berdalet et al., 1994; Zhao et al., 2009) .
On the other hand, Velasco et al. (2016) reported 59 ± 0.9% protein content and 31 ± 1.3% lipid content (based in organic matter) for a strain of C. muelleri native from the Caribbean Sea; they evaluated its growth in the f/2 media with temperature of 24 ± 0.5°C, water salinity at 35, and compressed air injected and constant illumination of 45 μmol m -2 s -1
. These conditions differ from those established in the present study and may influence the different results. In this study was found a high protein content in the treatment with 144 µM P concentration compared to treatments with 18 and 72 µM P concentration, which would suggest that with a greater amount of P present, ATP synthesis would increase and therefore could have a high production of proteins. However, additional work is required, such as transcriptomics and proteomics studies to gain a broader understanding of the P effect on Chaetoceros muelleri growth and its biochemical composition.
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